This paper studies the sorption of phenol and 4-nitrophenol (4NP) onto solid sorbents derived from mixtures of montmorillonite, activated carbon (AC) and cement, denoted herein MACC. These materials are mesoporous and some of their physicochemical properties have been measured and discussed. The weight fraction X 1 (%) of montmorillonite in the mixtures strongly influences the sorbate removal rate. The sorption isotherms were experimentally established by batch testing on geomaterials with various X 1 values at 20 °C and at different pH values (from 3 to 8). The Langmuir model correctly fits the sorption isotherm data (R 2 > 0.95). The results show increased sorption behavior for both phenol and 4NP on the composite geomaterials compared to the pure components, yielding the order: MACC > AC > montmorillonite.
Introduction
In industry as well as day-to-day life, substituted phenolic compounds are widely used. Due to their high stability, high toxicity and carcinogenic nature however, they have caused considerable damage and threaten ecosystems both in water bodies and for human health. The efficient elimination of phenolic compounds in wastewater has thus become an urgent need. Conventional wastewater treatment techniques include photocatalytic degradation processes, chemical oxidation and biological digestion, in which sorption onto activated carbon constitutes one of the most widely studied technologies. Recent research has focused on the types and modification of clay-based sorbents, the corresponding sorption principles or mechanisms, and the factors influencing both sorption rate and kinetics [1, 2] .
Phenol, a small but important organic molecule, appears as an end or side group in a number of polymers. Furthermore, phenol is a frequent and toxic byproduct of industrial processes and thus causes concern from an environmental perspective. The use of activated carbon to remove phenol from aqueous solutions, for industrial and environmental applications, has been primarily motivated by a physisorption mechanism due to dispersive forces [3, 4] .
Phenol was chosen as the study target herein, given its status as an intermediate product in the oxidation pathway of higher molecular weight aromatic compounds.
Mononitrophenols can be classified as compounds exhibiting moderate to high toxicity in the aquatic compartment [5] . Based on information gathered, 4-nitrophenol (4NP) will enter the environment during its production and then be used as an intermediate product in the manufacturing of parathion, methyl-parathion and N-acetyl-p-aminophenol [6] . For this reason, it has been selected as a comparative model molecule in the present study. Swelling 2:1 clay minerals play an important role in a number of engineering and environmental processes. These clays consist of negatively charged silicate layers; their negative charges are compensated by interlayer counterions, which along with the charged clay mineral surfaces strongly interact with polar solvents, most notably water.
This interaction results in the well-known swelling of smectites and vermiculites. Clay swelling can lead to the sorption of organic molecules and an exchange of cations, two processes that are of environmental concern. The swelling properties of clay minerals are utilized in applications for their role as an adsorbent, ion exchanger and molecular sieve catalyst [2, 7] .
In recent years, reusable organo-inorgano-clay sorbents have been increasingly introduced for their capacity to efficiently remove phenols and many micropollutants from wastewater, as well as for their good sorbent properties and mechanical stability [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . This heightened interest stems from the adsorption properties and high specific surface area of clay, the high volume of micropores and the broad range of surface functional groups introduced into clay structures.
With dependable availability in nature, clay is able to remain inexpensive. The purpose of the present investigation is to synthesize geomaterials (MACC) based on two sorbent materials with very distinct properties (namely, Na-montmorillonite and activated carbon) and a binder, i.e. cement [26 -28] . These constituents were chosen in order to associate a convenient mechanical stability (contributed by the cement and partially by the clay) with the complementary sorptive properties of both the hydrophilic clay and the lipophilic activated carbon.
This combination of adsorptive capacities for clay and activated carbon has been examined by assessing the extent of sorption and by removing two model phenolic compounds: phenol and 4NP were chosen herein given their status as two of the most challenging priority pollutants to be eliminated from waste streams and groundwater.
The porous nature of these geomaterials and their high internal surface area constitute favorable properties for sorption. A more extensive investigation of the effect of the montmorillonite weight fraction on sorption kinetics has also been undertaken.
An attempt has been made herein to apply a simple sorption model to predict both the sorption isotherms and kinetics.
Materials and methods
All reagents were of analytical grade and used without further purification. The various solutions were prepared in high purity de-ionized water (HPW) (Milli-Q system: resistivity of 18.2 MΩ cm, TOC < 10 µg/L). All glassware and containers were previously soaked in 10% (v/v) nitric acid for at least 24 h and then rinsed with HPW.
Sorbates
Phenol (≥ 99%) and 4NP (≥ 99%), purchased from Sigma-Aldrich, were chosen as the sorbates; they were used without further purification. A number of useful physicochemical properties are listed in Table 1 .
Sorbents: starting materials
Bentonite from the Maghnia deposit (western Algeria), obtained from the ENOF Company (Algeria), was used as a starting material; it is composed essentially of montmorillonite (75%) with minor impurities (quartz, feldspar, calcite, etc.). Its cation exchange capacity of 86.5 10 -5 eq/g was determined according to the sodium acetate saturation method [31] , applicable to materials containing appreciable amounts of clays.
Moreover, its chemical composition and purification method were described previously [27] and will be briefly summarized herein. The raw bentonite was dispersed in 1 mol/L NaCl solution in order to obtain homoionic Na-montmorillonite and then separated from the solution and washed several times with high-purity water (HPW). A 2 wt.% suspension was placed in graduated cylinders to allow particles > 2 μm to settle. The suspension at a depth of 10 cm was collected with an Andreasen pipette. This operation was repeated several times until the suspension became almost transparent at the 10-cm depth. The particles collected smaller than 2 μm were recovered by centrifugation, washed with HPW and finally dialyzed to eliminate the excess chloride ions. After drying 48 h at 40 °C, the sample was pulverized to pass through a 200-μm sieve. This fraction was used in the geomaterial preparation process.
The activated carbon used is a commercially available activated wood coal (Fluka) with a microporous structure; it was ground and sieved at < 20 µm before use.
The cement (produced at the Chlef plant, in western Algeria) is a fine powder containing 94.8% w/w SiO 2 . The main properties of these raw solid sorbents are shown in Table 2 .
Preparation of geomaterials
The composite geomaterials (MACC) were prepared by mixing the 3 constituents Na-montmorillonite (X 1 % w/w), activated carbon (X 2 ) and cement (X 3 ) with water. Three different weight fractions of Na-montmorillonite (X 1 = 60, 70, 80%) were mixed with a fixed amount X 2 = 7% of activated carbon and complementary fractions of cement (i.e. X 3 = 33%, 23%, 13%, respectively) under mechanical mixing at medium speed (40 rpm) (W49121 powder mixer from Fisher Scientific) for 24 h at ambient temperature. After adding water (1 mL per 1 g of solid mixture) and more mechanical mixing for 48 h at 40 rpm, the final solid was stored in a drying cupboard (48 h at 40 °C), ground and sieved at < 250 µm. The pertinent characteristics of these MACC geomaterials are provided in Table 3 .
Determination of physical and chemical properties of sorbents
To access the various physicochemical properties of our sorbents (either raw solids or synthesized geomaterials), we applied classical methods; the experimental results are presented in Tables 2 and 3 .
The zeta-potential for the various kinds of colloidal particles was obtained with a Zetaphoremeter III model Z3000 from CAD Instrumentation [32] , by measuring their mobility in an electric field. Sample dispersions were prepared by mixing 1 g of airdried solid with 25 mL of 0.01 mol/L KCl aqueous solution followed by a 24-h equilibration. Each result was reported as an average of 3 readings at 22 ± 2 °C. The values of the pH of zero point charge (pH zpc ) were derived from a titration method [33] .
The specific surface area (S BET ), pore size distribution and pore volume of all solid sorbents (previously outgassed at 200 °C for 8 h under 0.1 torr vacuum ) were determined by physical adsorption of nitrogen at -196 °C using a Micromeritics ASAP2000 analyzer.
Sorption kinetics
Kinetic studies were conducted in a series of seven identical 200-mL HDPE flasks. A fixed mass (1.5 g) of MACC sorbent was added to 100 mL of a 0.718 10 -3 mol/L aqueous solution of the phenolic compound and then shaken in the dark at 400 rpm on an orbital shaking table (Ikalabortechnik K550) at room temperature (22 ± 2 °C). A 3 mL aliquot was sampled in a given separate flask at a chosen time (for a total time of 72 hours), filtered at 0.45 µm and analyzed to determine the solution concentration. Each experiment was duplicated, with blanks constituted without sorbent and/or without sorbate.
Sorption isotherms
All sorption isotherms were obtained in a batch reactor. Due to their high aqueous solubility, the stock solutions of phenol and 4NP were prepared directly as an aqueous solution: the initial concentration chosen for both tested compounds was 0.718 10 -3 mol/L. A 100-mL aliquot of these solutions was mixed (in a 200-mL HDPE bottle) with a given amount (from 0.01 to 1.5 g) of the selected solid MACC geomaterial (with a given montmorillonite weight fraction X 1 ). The chosen mass of sorbent was set to achieve 60%-90% sorption efficiency. At least 2 replicates and a blank for the given concentration were agitated in the dark at 400 rpm (Ikalabortechnik Phenol and 4NP equilibrium concentrations in the supernatants were obtained from absorbance measurements (M40 Shimadzu UV-spectrophotometer) at their characteristic maximum wavelength λ max , as given in Table 1 . The sorbed amount of solute was calculated by difference.
Isotherms consisted of seven to eight concentration points; moreover, each point, including the blank, was run in duplicate.
Data analysis
The equilibrium sorption isotherm data were fitted with the Langmuir model:
where q e : equilibrium concentration on the sorbent (in mol/g), 
Results and Discussion
The MACC geomaterial constituents were chosen in order to associate the mechanical strength due to cement and partly to clay with the complementary sorption properties stemming from the presence of both activated carbon and clay minerals.
Physicochemical properties of solid sorbents
BET specific surface area and pore volume are presented in Table 2 for pure montmorillonite, activated carbon and cement, along with their cation-exchange capacity and pH zpc values, while Table 3 provides the same data for the MACC composite geomaterials. Let's point out the net decrease in CEC values of the MACC relative to pure montmorillonite. These values reflect the difference in charge distribution as well as the presence of cement coatings. The pore size distribution curves display a single broad peak, centered at around 1.2 nm (detailed data not shown). In the pore size range < 1.0 nm, the cumulative pore volume of MACC is greater than that of pure montmorillonite. It can thus be concluded that the assembly method for the various components had generated a structure with smaller micropores. As seen in Table 3 , when compared with the original materials (Table 2) , MACC geomaterials are characterized by an increase in BET surface area and pore volume as the montmorillonite percentage X 1 increases.
Zeta-potential measurements of geomaterial suspensions are commonly used to characterize montmorillonite, cement and activated carbon particles: the experimental measurements of electrophoretic mobility of these particles may be converted into the zeta-potential value [32] . This step actually requires a certain theoretical idealization of the systems under study, in assuming that the solid particles are spherical and that the electric charge of the particles is uniformly distributed throughout the surface. It is clear that neither of these requirements are strictly applicable to clay particles in suspension.
For example, let's note the coexistence of positively-charged edges and negativelycharged sides on the clay platelets [34, 35] . Nevertheless, it is still possible to obtain valuable information on the clay surface charge by measuring sufficiently consistent values of zeta-potential, at the specific pH value of the clay suspension that would ensure neutrality of the charge on edges (isoelectric point): i.e. at pH ~8.3 and 10-11 for montmorillonite and MACC, respectively. The zeta-potential values for the pure components in 0.01mol/L KCl solutions at pH 8 exhibit a net negative value ( Table 2 ). The data presented in Table 3 clearly demonstrate a significant increase in zeta-potential of the studied MACC samples due to the introduction of various weight fractions X 1 of montmorillonite. It is worthwhile to mention that the zeta-potential of the original montmorillonite sample is much greater than that of the MACC matrices: this is not a surprising result given the well-established formation of hydroxy/oxide films on clay mineral surfaces, masking their original surface charge [36] . As our study has revealed, adding cement (X 3 %) and activated carbon (X 2 = 7%) to montmorillonite sharply decreases the zeta-potential by nearly half.
Sorption kinetics
In order to select the optimal contact time for isotherm experiments, we first conducted kinetic studies at pH 3 with both the MACC sorbents and their pure constituents, using the same grain size (250 µm). The sorption rate decreases over time until gradually approaching a plateau due to the continuous decrease in the concentration driving force (Fig. 1) . The data can be represented by a pseudo-first order rate, and a direct relationship between the maximum sorption capacity and X 1 is clearly visible. Moreover, we observe an increase in the maximum capacity for X 1 ≥ 60% in comparison with pure montmorillonite as a reference; this outcome might be due to the effect of the activated carbon additive and/or to the increase in the internal porosity of the composite material (see Tables 2 and 3) .
From these data, a contact time of 120 min was selected for the isotherm experiments.
Sorption isotherms and pH effect

Montmorillonite
The data for sorption onto pure montmorillonite can be described with the Langmuir isotherm model ( Table 4 ). As expected from the pK a values of either phenol or 4NP, the maximum sorption capacity decreases as pH increases.
Activated carbon
Similarly, the data (Table 4) show that the maximum sorption capacity for both compounds decreases as pH increases; moreover, as exemplified in other studies [3, 37, 38] , these values are higher for 4NP than for phenol, in inverse correlation with their aqueous solubility (Table 1) .
MACC
The results of sorption isotherms for phenol and 4NP can also be represented by the Langmuir model ( Fig. 2 for X 1 = 80%; Table 5 ). Regardless of the MACC sorbent matrix composition, the low sorbate concentration proves to be efficient, and the maximum sorption capacity is higher than for the corresponding pure materials (Table   4 ). While the pore volumes remain relatively similar, the enhancement in sorptive behavior can be correlated with the solid surface area increase relative to pure montmorillonite (compare Tables 2 and 3 ); this property is probably due to the presence of X 2 = 7% of activated carbon, as previously found for 1,10-phenanthroline [28] .
pH effect
It is well known that solution pH influences the sorption of phenolic compounds onto solid sorbents: phenols are ionizable, and the degree of sorption of the phenolate anions onto the geomaterial surface is primarily influenced by the surface charge on the sorbent, which in turn is related to its pH zpc , i.e. the pH of zero point charge (Tables 2   and 3 ). For this reason, our experiments were performed using solutions at various initial pH values representative of real wastewater (i.e. pH = 3, 5 or 8).
Although the MACC matrices were always positively charged (pH < pH zpc ), phenol remains present as a molecular species though 4NP speciation strongly varies:
100% as a neutral molecule at pH 3, 99.3% at pH 5, and only 12.4% at pH 8. These findings easily explain the pH influence on the sorption of 4NP. In comparison, pure montmorillonite with pH zpc = 8.3 is nearly uncharged at pH 8, which is why its sorptive capacity slightly decreases.
Effect of montmorillonite weight fraction X 1 (%) on sorption isotherms
In Figure 3 , the two adsorption isotherms of phenol and 4NP are compared at pH 3 on MACC sorbents with different weight fractions (X 1 ) of montmorillonite. For the same equilibrium concentration of phenolic compounds in solution, the sorbed amount increases with X 1 as does the maximum sorbing capacity q max . The initial slope of the Langmuir isotherm curves can be described as a distribution coefficient K d = q e / C e which also increases with X 1 ( Table 6 ).
These results corroborate the assumption of a partitioning of either phenol or 4NP between the sorbate solution and the MACC solid sorbent. It may be worthwhile to speculate on possible mechanistic and/or thermodynamic reasons for any potential correlation between K d and X 1 ( Table 6 ): while these values follow the same order as the n-octanol/water partition coefficient logP ow for the sorbates (Table 1) , we can make the assumption that the thermodynamics (i.e. enthalpic and entropic contributions) of both partitioning processes are analogous.
Comparison of phenol and 4NP sorption on MACC with other data from the literature
In recent years, a number of studies have focused on solid supports that are able to sorb phenol and chloro-and nitro-phenols, as reviewed by Lin and Juang [39] and then Park et al. [21] . Although a direct comparison of our MACC matrices with other sorbent materials is difficult, owing to the various experimental conditions applied, we can still claim that in general the MACC sorption capacity for phenol and 4NP is of the same order of magnitude as the values reported in the literature with other sorbents.
Aksu and Yener [40] investigated the biosorption of certain phenolic compounds from aqueous solutions on dried activated sludge: the maximum adsorption capacity was found to be 0.9 mmol/g for phenol. Using a series of diversely functionalized chitosan, Li et al. [41] obtained with cyclodextrin a specific increase in sorption capacity for 4-chloro phenol.
Furuya et al. [42] used chloro-and nitro-phenols as sorbates and granular activated carbon as the sorbent: they achieved an adsorption capacity of up to 4 mmol/g. For 4NP on a ground commercial activated carbon, Nouri and Haghseresht [43] obtained a maximum capacity of 1.6 mmol/g at pH 2 but only 0.48 mmol/g at pH 12, due to solute ionization. On activated carbon fibers, the maximum capacity was measured at 1.09 mmol/g for phenol and 2.26 mmol/g for 4NP [44] .
Fly ash sorbents were also tested for phenol sorption, yet with very low sorption capacities, e.g.: 7.1 µmol/g phenol and 8.3 µmol/g 4NP (pH 4, 30 °C) on a bagasse fly ash [45], or 2.8 µmol/g phenol and 1.0 µmol/g 4NP (pH 3, 34 °C) on a coal fly ash [46] .
Shu et al. [47] used aluminosilicate-based microporous materials (surfactantmodified Zr-pillared clays and zeolites) for substituted phenol sorption: they reported a sorption capacity of up to 0.75 mmol/g for phenol and 0.63 mmol/g for 4NP (on a high Si/Al ratio zeolite at pH 7). On a Mg/Al-mixed oxide derived from the corresponding layered double hydroxide, Chen et al. [15] obtained a sorption capacity of 0.50 mmol/g for phenol and as high as 2.64 mmol/g for 4NP, although the final pH was 9-10 regardless of its initial value for the sorbate solution. Nonetheless, the maximum sorption capacity for 4NP onto a series of organopalygorskites was in the range 0.19-0.30 mmol/g [48] .
In a series of papers, Park et al. [22, 24, 25] prepared organo-montmorillonites with various cationic surfactants; the sorption capacities for 4-Cl and 4-NO 2 phenol depend on the nature of the surfactant and its loading (1 or 2 times that of clay CEC), e.g. 0.16 to 0.33 mmol/g for 4NP at 23 °C [24] in the case of HDTMA (hexadecyltrimethylammonium bromide). Koyuncu et al. [20] compared the sorption capacities for 4NP onto a bentonite intercalated with either a cationic surfactant (HDTMA) or the non-ionic PEG (polyethyleneglycol butyl ether): 0.77 and 1.75 mmol/g at 30 °C, respectively.
Recently, Liu et al. [38] reported data on the use of Metal-Organic Frameworks (MOF): they recorded the high selectivity of an NH 2 -functionalized Al-based MOF, thus allowing for an efficient separation of 4NP from phenol in their mixtures.
From this short review, we can estimate that our composite MACC geomaterials roughly behave as other similar sorbents described in the recent literature. Although their sorption capacity is in the low range from these data, we consider that our MACC sorbents have the advantage to add the mechanical stability from the cement component with the complementary sorptive properties of both the hydrophilic montmorillonite clay and the lipophilic activated carbon.
Conclusion
The constituents of MACC geomaterials were chosen in order to associate mechanical solidity (contributed by the cement and partially by the clay) with complementary sorption properties (contributed by both the activated carbon and clay mineral). Due to this solidification procedure, these sorbents may be used not only in batch processes but also in column systems, as previously described [27] . They can offer enhanced sorption capacity for phenolic compounds relative to pure montmorillonite, a phenomenon which primarily depends on the microporous structure and not just the surface area.
The removal of phenol and 4NP from aqueous solutions through sorption on MACC was found to be feasible at pH values of around 3, yet decreased significantly as pH increased: this finding is due both to a simultaneous change in surface charges and to partial solute ionization. The Langmuir sorption model adequately represented the experimental data and indicated that MACC sorbents showed a higher sorption capacity for 4NP (≈ 0.28 mmol/g for X 1 = 80%) than for phenol (≈ 0.25 mmol/g for X 1 = 80%). Table and Figure Captions.-Table 1 . Main physicochemical properties of the sorbates. [29] b Lipophilicity in octanol/water; from Abraham et al. [30] c Acidity constant; cited in Achard et al. [29] d McGowan's characteristic molar volume; from Abraham et al. [30] e Characteristic wavelength for detection; this study Table 3 Selected MACC geomaterial properties. 
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